in 7, and right coronary artery stenosis in 7. There were 10 patients without CAD (62±12 years old, 5 males) who had completely normal coronary arteries. Antianginal medications including -blockers were discontinued at least 48 h before the study. Informed consent was obtained from all subjects.
Protocol of Dobutamine Stress Testing
Dobutamine was intravenously administered at an initial dose of 5 g·kg -1 ·min -1 and the dose was increased to 10, 20, 30 and a peak of 40 g·kg -1 ·min -1 for at least 3 min in each stage. In patients not achieving 85% of their age-predicted maximal heart rate, atropine was given intravenously with the continuation of dobutamine, starting with 0.25 mg and repeated up to a maximum of 1.0 mg. The criteria for stopping dobutamine infusion included (1) achievement of 85% of the predicted maximum heart rate, (2) newly developed wall motion abnormalities, (3) STsegment depression or elevation >0.2 mV on electrocardiogram (ECG), (4) chest pain, (5) systolic blood pressure >220 mmHg, (6) decrease in systolic pressure >20 mmHg compared with the previous step, (7) significant ventricular or supraventricular arrhythmias, or (8) serious side effects of dobutamine.
Conventional 2-D Echocardiography
DSE was performed with a commercially available ultrasound system (SONOS 2500, Agilent Technologies) with a 2.5-MHz transducer. Quadscreen images were displayed using an echocardiographic image analysis system (Prism 5000, TomTec Imaging Systems, Boulder, CO, USA) and interpreted qualitatively by 2 experienced observers who had no knowledge of the coronary angiographic data. The left ventricular wall in the short-axis image at the papillary muscle level was divided into 6 equiangular segments, defining the zero line as a horizontal line. From the visual analysis, 21 segments of the 13 patients with CAD showed wall motion abnormalities in the territory of the stenotic coronary arteries, and were defined as 'ischemic segments' (4 anteroseptal, 1 lateral, 6 posterior, 6 inferior, and 4 septal segments). All of the 60 segments in the 10 patients without CAD were defined as 'normal segments'.
Segmental Analysis of CK Images
The CK technique, which is based on an automated boundary detection method and tracks the endocardial border, depicts the time -motion history of the endocardial excursion. The locus of the excursion between the first 2 frames after the R-wave of the ECG is coded orange, followed by endocardial loci at 33-ms intervals coded with different colors up to end-systole, resulting in a colorencoded wall motion image that is superimposed on the end-systolic gray-scale image.
The present CK study was performed using the same instrument as in the conventional study. At each stage of DSE, just after the acquisition of conventional echocardiographic images, the CK program was activated to acquire short-axis images at the papillary muscle level and an endsystolic still frame was recorded on a magnetic optical disk. Thereafter, the images were digitally analyzed on a personal computer using an original program we developed for the temporal analysis of RWM (Fig 1) . The gray-scale image was first excluded from the CK image, and the end-systolic blood area was marked red. Then the center of gravity of the entire colored area was determined and the area was divided into 6 equiangular sectors emanating from its center. The zero line was defined as a horizontal line across the center. The number of pixels in each color layer was counted for each of the sectors. For every segment, the fractional area of each CK layer relative to the end-diastolic area, which means incremental fractional area change (IFAC), was calculated. IFAC during the first 33-ms period after enddiastole was calculated as the area of the outermost layer (deep orange) divided by the entire colored area including the end-systolic blood area (red), and expressed as IFAC (0-33 ms). The IFAC from 33 ms to 67 ms after end-diastole was calculated as the area of the next layer (light orange) divided by the entire colored area, and expressed as IFAC (33-67 ms) . This calculation to obtain the IFAC during every 33-ms period was repeated until the innermost CK layer was involved. The cumulative fractional area changes (FAC) at 67 ms and 100 ms after end-diastole were named FAC67 ms and FAC100 ms, respectively. The cumulative FAC at end-systole was also named as FACes.
Coronary Angiography
Coronary angiography using the Judkins technique was performed within 2 weeks of DSE in all the patients. Significant coronary artery stenosis was defined as a diameter stenosis greater than 75%.
Data Analysis
Each of the IFACs at every stage of DSE was compared Fig 1. Segmental analysis of the color kinesis images. An endsystolic image (A) was analyzed on a personal computer using an original program. At first, the gray-scale image was excluded (B) and the end-systolic blood area was marked red. Then, the whole colored area was automatically divided into six 60°wedge-shaped sectors based on the center of gravity of the colored area (C). AS, anteroseptal wall; A, anterior wall; L, lateral wall; P, posterior wall; I, inferior wall; S, septal wall. between groups using an unpaired t test. Each of IFACs and FACs at the peak dose was compared with that at the low dose in the 2 groups using a paired t test. To assess the temporal changes in these parameters with the dose of dobutamine in individual segments, we employed the ratio of the value at peak dose to that at low dose. For this purpose, a low dose of dobutamine was defined as 10 g·kg -1 ·min -1 because all of the ischemic segments in this study developed abnormal wall motion at 20 g·kg -1 ·min -1 or more. The ratios (peak/low dose) of these parameters were compared between groups using an unpaired t test.
To test the discriminatory ability in detecting ischemic segments, sensitivity/specificity curves and receiver operating characteristic (ROC) curves were constructed. Plotting the sensitivity and specificity against the whole range of the measured values, the best cutoff value and the sensitivity (= specificity) were determined as the coordinates of the intersection of these 2 curves. Comparison of areas under the ROC curves was performed by the method of Hanley and McNeil with a 2-tailed z statistic, using the freeware program, ROCKIT, of Metz et al. 30 All data are expressed as mean ± SD. Differences were considered significant at p<0.05 in all the comparisons in this study.
Results
Hemodynamic data during DSE are shown in Table 1 . Heart rate, systolic and diastolic blood pressures at each stage of DSE were not significantly different between the 2 patient populations. Fig 2 shows representative CK images obtained from patients with and without CAD. In the patient without CAD, the relative contribution of endocardial motion during early systole, encoded as orange and yellow, increased at the peak dose of dobutamine compared with the low dose. In the patient with CAD, the ischemic segment typically showed reduced contraction during early systole. Fig 3 shows the IFAC during every 33-ms period after end-diastole in both the normal and ischemic segments at baseline (Fig 3A) and the low ( Fig 3B) and peak dose of dobutamine (Fig 3C) . At the baseline and the low dose of dobutamine, each IFAC in the ischemic segments was similar to that in the normal segments with a few exceptions showing small but significant differences. At the peak dose, however, IFAC (0-33 ms) and IFAC (33-67 ms) in the ischemic segments were distinctly lower, whereas IFAC (133-167 ms), IFAC (200-233 ms) and IFAC (233-267 ms) in the ischemic segments were significantly higher than in the normal segments.
Each of IFAC (0-33 ms), IFAC (33-67 ms), FAC67 ms, FAC100 ms and FACes at the peak dose was significantly higher than at the low dose in the normal segments, whereas no significant difference was observed in the ischemic segments ( Table 2 ). The peak/low-dose ratios of IFAC (33-67 ms), FAC67 ms, FAC100 ms and FACes in the ischemic segments were significantly lower than in the normal segments (Table 3) . The results of the ability of these parameters to discriminate between ischemic and normal segments are summarized in Table 4 . Among the early-systolic parameters, each area under the ROC curve for FAC67 ms and FAC100 ms at the peak dose and the ratios of those were significantly greater than that for FACes at the peak dose. Among these parameters, the ratio of FAC100 ms gave the best sensitivity (= specificity) of 86% at the cutoff value of 1.18 (Figs 4,5) .
Discussion
The present study revealed that dobutamine-induced transient myocardial ischemia is characterized by a reduction in the early-systolic excursion of the regional left ventricular endocardium and an enhanced excursion during mid-to-late systole. We also found that asynchronous wall motion in early systole detected by the segmental analysis of CK images is a more sensitive marker of induced ischemia than a reduction in the overall magnitude of the systolic excursion. Because myocardial wall motion in the ischemic segments at the peak dose of dobutamine was impaired during the first 100-ms of systole, we tested the ability of the early-systolic parameters to differentiate the ischemic segments from the normal segments perfused by normal coronary arteries. FAC at 67 ms after end-diastole (FAC67 ms) and at 100 ms (FAC100 ms) were proven to more accurately discriminate between the 2 groups than FAC at end-systole (FACes). To reduce the influence of cardiac translation during systole, we employed the ratio (peak/low dose) of FAC67 ms and FAC100 ms in individual segments and found that the ratio of FAC100 ms was the most sensitive and specific among all indexes examined in this study for detecting wall motion abnormalities caused by ischemia during DSE.
Wiegner et al have shown, in an isolated muscle preparation, that hypoxic muscle is characterized by impaired development of the contractile force and that early shortening declines rapidly with hypoxia. 11 Another study revealed decreased myocardial contraction during the preejection and ejection phases and enhanced velocity of postejection shortening in experimental animals at a relatively early time point of myocardial ischemia. 12 It is thought that the early phase of systole is vulnerable to passive stretching during ischemia because the peak wall stress occurs late in the preejection phase or early in the ejection phase, 17 and that preserved myocardial shortening occurs after the reduction of wall stress, resulting in an exaggerated shortening during late systole.
Several clinical studies based on cineventriculography or radionuclide angiography have also demonstrated the predominantly early-systolic akinesis or even paradoxical motion of the ischemic wall, followed by an exaggerated shortening during late systole. [19] [20] [21] [22] [23] [24] However, most of those Receiver operating characteristic curves for comparison of the diagnostic power of FAC100 ms and FACes at the peak dose of dobutamine, and the ratio (peak/low dose) of those parameters. Abbreviations as in Table 4 . Sensitivity/specificity curves for detecting ischemic wall motion abnormality as a function of the cutoff point for FAC100 ms at the peak dose of dobutamine (A), the ratio (peak/low dose) of FAC100 ms (B), FACes at the peak dose (C) and the ratio of FACes (D). The best cutoff point is determined as the point of intersection of the 2 curves. Abbreviations as in Table 4 .
studies were carried out in heterogeneous populations that included many patients with previous myocardial infarction. Zeiher et al, using an automated contour detection on 2-D echocardiograms, assessed regional contraction in patients with unstable angina during transient myocardial ischemia and reported that transient ischemia did not lead to earlysystolic wall motion abnormality, but caused predominantly mid-to-late systolic abnormal synergy. 31 Tashiro et al divided the systolic interval into 3 periods and measured the percentage hemiaxis shortening of each left ventricular segment using manual tracing of the 2-D echocardiograms of patients with CAD during exercise-induced ischemia. 25 Left ventricular wall motion was defined as abnormal when at least one of those 3 periods shows deterioration in systolic shortening. Such an integration method more sensitively detected regional ischemia than the simple comparison between end-diastolic and end-systolic frames. However, impaired shortening in early systole was not common to the ischemic left ventricular segments in their study. The present study is consistent with the results of Zeiher et al and Tashiro et al insofar as detection of temporal abnormalities in ventricular contraction provided a better means of assessing myocardial ischemia. However, as far as we know, this is the first report demonstrating that in clinical patients stress-induced myocardial ischemia causes deterioration of the early-systolic wall excursion predominantly. The difference in the method of inducing ischemia is conceivably the cause of the discrepancy among these 3 studies. Dobutamine increases myocardial contractility to a greater extent than exercise or the resting condition, resulting in exaggerated early shortening in the normal segment and a rapid increase in intracavitary pressure. Consequently, an early-systolic asynchrony might be most prominent in DSE.
There have been several studies aimed at quantifying RWM during DSE using new echocardiographic technologies. Some investigators used tissue Doppler imaging and reported the usefulness of myocardial velocity measurements by pulsed-wave or M-mode tissue Doppler for the detection of myocardial ischemia and viability. [32] [33] [34] [35] [36] Strain rate imaging, as well as tissue Doppler imaging, might contribute to the development of a system for objective interpretation of stress echocardiography, but are essentially angle-dependent methods despite several efforts to overcome this limitation. 36 CK can visualize spatial and temporal information about left ventricular endocardial motion independent of the angle. Lang et al first documented the usefulness of digital analysis of CK images for the quantitative evaluation of left ventricular RWM, 26 and Koch et al applied this method to DSE and demonstrated the usefulness of the fractional segmental area change at end-systole to detect RWM abnormalities. 29 Our study extends their results, and demonstrates that the early-systolic asynchrony detected on CK images could be a more sensitive marker of myocardial ischemia induced by dobutamine than the reduction in the overall magnitude of the systolic excursion. Such semi-automated methods during DSE might contribute to the quantitative and objective detection of CAD.
Study Limitations
Stress-induced myocardial ischemia was not confirmed by other diagnostic techniques, such as radionuclide examination, in this population of patients. In most of the patients with CAD, the stress-induced wall motion abnormalities occurred at relatively high heart rate and further investigations may be necessary to elucidate whether the early-systolic parameters in this study can reasonably detect the myocardial ischemia induced at a lower heart rate.
In this study, the CK images were analyzed only in the short-axis view. The ability of the new parameters to discriminate between ischemic and normal segments as defined in the study cannot be extrapolated to the accuracy of the technique for detecting myocardial ischemia in the clinical setting. To determine the clinical significance of this method, further investigations in a larger cohort of patients are recommended.
Although the endocardial border was successfully tracked even with fundamental imaging in the selected population of this study, the tracking of the entire endocardial border on CK images is sometimes suboptimal in the clinical setting. Further advances in ultrasound technology, such as tissue harmonic imaging or contrast echography, are necessary to facilitate endocardial tracking. Although we intended to automatically analyze RWM, our method still has some manually operated procedures; viz, the CK program itself requires manual adjustment of the time -gain compensation and lateral gain control, and the CK images have to be transferred to another computer to obtain the segmental fractional area changes after the examination. Recently, Fujino et al developed an automated segmental motion analysis system to provide real-time and on-line objective assessment of regional wall excursion 37 and such a system should be used to establish the objective interpretation of DSE.
Conclusions
The results of this study demonstrate that dobutamineinduced myocardial ischemia is characterized by a reduction in early-systolic wall excursion and an enhanced excursion during mid-to-late systole. The ratio (peak/low dose) of FAC100 ms during DSE sensitively detects stressinduced myocardial ischemia. These findings provide a basis for developing an automated system that objectively detects CAD during stress echocardiography.
